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r-y *] _ Context, We study the surface properties of transneptunian populations of Solar-system bodies. 

Aims. We investigate the surface characteristics of the dwarf planet (136472) Makemake and the resonant object (90482) Orcus. 
■ Methods. Using the FORS2 instrument of the ESO-VLT we have carried out linear polarisation measurements of Makemake and 

Q_[ Orcus. 

Results. Polarisation of Orcus is similar to that of smaller size objects. The polarimetric properties of Makemake are very close 
to those of Eris and Pluto. We have not found any significant differences in the polarisation properties of objects from different 
dynamical classes. However, there are significant differences in polarisation of large and smaller size objects, and between large 
TNOs with water-ice and methane-ice dominated surfaces. 

Conclusions. We confirm the different types of polarisation phase behavior for the largest and smaller size TNOs. To explain subtle 
surface polarisation of Pluto, Makemake and Eris we assume that their surfaces are covered by a thin layer of hoarfrost masking the 
surface structure. 

> 

in 
o 

\Q ' 1. Introduction et al. 2008a). The sample of small TNOs have included Ixion, 

' , ,.„,,.. . . Huy a, Varuna, and 1999 DE 9 (all observed with the ESO VLT, 

S ■ analysis of the polarimetric properties of transneptunian ob- Boehnhardt et al 2004i Rousse i ot et a l. 2005, Bagnulo et al. 

^—^ jects (TNOs) and Centaurs (Boehnhardt et al. 2004; Rousseiot 2006 2008) 

<N ■ et al 2005; Bagnulo et al. 2006, 2008; Belskaya et al. 2008a, £ ^ h wg CQntinue tQ investi ^ larisation 

. 2010) has revealed so far many interesting results. In particu- ties of the , XNQs and t the first poiarfmetric 

> ■ lar, two distinct behaviours of the polarisation phase curves have observations of ( x 36472) Makemake and (90482) Orcus. 
been found for transneptunian objects (Bagnulo et al. 2008). 
Objects smaller than 1000km exhibit negative linear polarisa- 

jj^ ■ tion that rapidly increases (in absolute terms) with increasing 2. Observations 
phase angle, and the observed polarisation reaches about - 1 % 

at phase angles as small as 1°. By contrast, the largest TNOs ex- Polarimetric observations of two TNOs have been made in 

hibit small negative linear polarisation that does not change no- April-May 201 1 at the ESO VLT. Linear polarisation has been 

ticeably in the (limited) phase-angle range of the observations, measured with the FORS2 instrument (see Appenzeller et al. 

These different types of polarimetric behaviour have been sug- 1998 > ln the R s P ecial filter - For Makemake, we have sampled 

gested to be related to different albedos and different capability nearl y the ful1 current observable phase-angle range (i.e., from 

of retaining volatiles for large and small TNOs (Bagnulo et al. 6 ° to L1 °)> whereas Orcus has been observed only at a single 

2008). The analysed sample of large TNOs have included four P hase an S le of L1 °- Polarimetric observations and data reduc- 

objects, namely Pluto (based on old photoelectric polarimetry by tion have been performed in the same way as in our previous 

Breger and Cochran, 1982), and Eris, Haumea, and Quaoar (ob- observations (Bagnulo et al. 2006, 2008, Belskaya et al. 2008a, 

served with the ESO VLT, Bagnulo et al. 2006, 2008, Belskaya 201 °)- In order t0 denve the values of the reduced Stokes param- 
eters Pq-Q/I and Pu-U/I, we have used observations carried 



X 



* Based on observations made at the La Silla-Paranal Observatory out with a half-wave retarder plate at all positions between 0° 
under programme ID 087. C-0615 (PI: S. Bagnulo) and 347.5° at 22.5° steps. The possible sources of instrumen- 
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Table 1. Log of observations, measured polarisation parameters and R magnitudes 



Date 
(UT) 


Sky 


r 

(AU) 


A 
(AU) 


C) 


Pq 

(%) 


Pu 

(%) 


R 

(mag) 


Makemake 
















2011 04 03.21 


PHO 


52.208 


51.369 


0.60 


-0.170±0.045 


0.000±0.045 


16.81±0.05 


2011 04 25.06 


PHO 


52.202 


51.517 


0.80 


-0.316±0.048 


-0.044±0.048 


16.86±0.05 


2011 05 10.06 


CLR 


52.213 


51.676 


0.94 


-0.050±0.052 


0.089±0.052 


16.77±0.05 


2011 05 14.04 


PHO 


52.213 


51.725 


0.97 


-0.151±0.085 


-0.093±0.086 


16.80±0.05 


2011 05 29.05 


THN 


52.216 


51.926 


1.07 


-0.114±0.095 


-0.110±0.087 




Orcus 
















2011 04 24.00 


CLR 


47.932 


47.482 


1.08 


-1.062±0.092 


-0.115±0.092 


18.83±0.05 



tal errors were thoroughly investigated, and the detailed descrip- 
tion of the reduction procedure can be found in Bagnulo et al. 
(2006). The results of our observations are given in Table 1 that 
contains the epoch of the observations, the night time sky con- 
ditions (THN -thin cirrus, CLR -clear, PHO -photometric), the 
helio- and geocentric distances, the phase angle a, the reduced 
Stokes parameters Pq and Pu (expressed in a system with the 
reference direction perpendicular to the scattering plane), and 
the R magnitudes. The Stokes parameters are thus expressed in 
such a way that Pq is equal to the flux perpendicular to the scat- 
tering plane minus the flux parallel to that plane, divided by the 
sum of the two fluxes. The parameter Pu characterizes the dec- 
lination of the polarisation plane position from the plane nor- 
mal to the scattering plane and, for symmetry reasons, is ex- 
pected to be zero. Acquisition images were used to measure the 
object magnitudes. In general, it is not possible to give accu- 
rate night-by-night values for the zero point or extinction coeffi- 
cients because the photometric standard stars are not prescribed 
under the FORS calibration plan for polarimetric observations. 
Photometric standard stars have only been observed with FORS 
during two of the five nights in which our observation blocks 
have been executed. Therefore, we have used the nightly zero 
point and extinction coefficient available on the ESO Quality 
Control and Data Processing web page. They have been calcu- 
lated by using all the photometric standard stars observed over 
a period of about 28 nights centered at each night under consid- 
eration. We have associated an error of 0.05 mag to the magni- 
tude measurements which is consistent with the uncertainties of 
the zero points. The errors due to photon noise and background 
subtractions are negligible in comparison with those of the zero 
points. 

For each observing night, all polarimetric images have been 
stacked together to obtain a deep image as performed, e.g., by 
Bagnulo et al. (2010), and to search for possible activity. Our 
analysis did not reveal coma activity in any of these images. 

3. Results 

We plotted the measured polarisation of Makemake and Orcus 
and we compared it with the data available for other large (Fig. 
1) and smaller-size (Fig. 2) TNOs. New observations confirm 
the different types of polarisation phase behavior of these two 
samples. Below we discuss implications of our observations for 
each object. 

3.1. (136472) Makemake 

Makemake is a dwarf planet with a diameter between 1360 km 
and 1480km, assumed to have bright (0.78 < p v < 0.90) and 
dark (0.02 < p v < 0.12) terrains to fit thermal data (Lim et al. 



2010). However, the lightcurve amplitude has been found to be 
very small (AV = 0.029 + 0.002). The most probable rotation 
period of the body is 7.771 + 0.003 h (Heinze and de Lahunta 
2009). To make the small lightcurve amplitude of Makemake 
consistent with the assumption of dark spots, Lim et al. (2010) 
have proposed the following three possible explanations: (1) the 
dark spots are small and evenly distributed over the surface; or 
(2) the dark spots can be actually a band at constant latitude 
or a polar spot; or (3) the dark spot is an undiscovered satellite 
of Makemake. Further thermal measurements from Spitzer and 
Herschel space telescopes have confirmed unusual thermal emis- 
sion spectrum of Makemake, which is different from all other 
large TNOs (Miiller et al. 201 1). A recent stellar occultation by 
Makemake (Ortiz et al. 2012) has not excluded a slightly ellipti- 
cal shape for this object. The average albedo has been estimated 
to be p v = 0.71^q q2 (Ortiz et al. 2012) which is in agreement 
with the estimation from the thermal data (Lim et al. 2010). 
Spectroscopic observations of Makemake have revealed strong 
absorption bands associated with methane (Barkume et al. 2005, 
Licandro et al. 2006, Brown et al. 2007, Tegler et al. 2007, 2008). 
Brown et al. (2007) have reported the presence of ethane fea- 
tures and no apparent evidence for N2 and CO. Tegler et al. 
(2007, 2008) have reported a small shift of the CH 4 bands in 
their spectra of Makemake in comparison with a model fit, sug- 
gesting the presence of trace amounts of N2 ice. The grain sizes 
of CH4 ice in their modelling have varied from 0.1 cm to 6 cm 
and the best fit has been obtained for a model entailing grains 
of two sizes (Tegler et al. 2007, 2008). Brown et al. (2007) have 
suggested that the main differences between the spectra of Pluto 
and Makemake are due to two main reasons: (1) depletion of 
nitrogen on Makemake's surface, which leads to large methane 
grains (~ 1 cm versus to ~ 100 pm for Pluto); and (2) presence of 
ethane (~ 100 pm grains) and tholin-like material. Eluszkiewicz 
et al. (2007) have proposed the slab surface model to avoid an 
assumption of unrealistically large methane grains. They have 
considered the absence of an opposition surge for Makemake as 
due to the presence of a slab surface. The main features of polar- 
isation properties of Makemake can be summarized as follows: 

1 . The linear polarisation is small with a mean value of -0. 1 6 + 
0.05 % at the phase-angle range of 0.6 - 1.07°. In all five 
measurements, we have detected small negative polarisation, 
parallel to the scattering plane. 

2. We have not found any reliable changes of polarisation with 
phase angle and over the surface. Note that our measure- 
ments cover 70 % of the rotation cycle assuming the rotation 
period of 7.771 h (Heinze and de Lahunta 2009). The values 
of P Q = -0.32 % measured at a=0.8° and P Q = -0.05 % 
measured at a = 0.94° probably reflect the scatter of our 
measurements rather than real changes in polarisation degree 
over the surface. 
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Fig. 1. Polarisation degree versus phase angle for Makemake 
(filled circles) and other large TNOs (Bagnulo et al. 2008, Breger 
and Cochran, 1982). 
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Fig. 2. Polarisation degree versus phase angle for Orcus (filled 
circle) and other TNOs smaller than 1000 km in diameter (data 
are from Bagnulo et al. 2006, 2008, and Boehnhardt et al. 2004). 



3. The polarisation phase curve behaviour of Makemake is 
similar to that of Eris and Pluto, (Breger and Cochran, 
1982). When we consider the values obtained at the same 
phase angles, the degree of linear polarisation measured for 
Makemake is closer to that for Eris than for Pluto and quite 
different from Haumea and Quaoar (see Fig.l). 

The polarisation properties of Makemake are similar to those 
of two other large TNOs with methane-dominated surfaces. The 
fact that the polarisation of Makemake is smaller (in absolute 
terms) compared to that of Pluto can be explained by the fact that 
Pluto is an unresolved system, and that the polarimetric measure- 
ments refer to the Pluto-Charon system. Assuming that Charon 
has intrinsic polarisation of about -0.7 % (similar to Quaoar and 
Haumea), we estimate that the intrinsic polarisation of Pluto is 
-0.2% (see Eq. (1) of Bagnulo et al. 2008). The assumption 
that the polarisation properties of Charon are similar to those of 
Quaoar and Haumea is justified by the fact that all these bodies 
have water-ice dominated spectra (e.g. Barucci et al. 2011 and 
references therein). If this hypothesis is correct, the values of lin- 
ear polarisation of the surfaces of Makemake and Pluto are very 
similar. Our /?-band photometry of Makemake in the phase range 
of 0.6-0.97° is consistent with a shallow magnitude phase slope 
derived by Heinze and de Lahunta (2009). They have found a lin- 
ear phase coefficient of a — 0.037 + 0.013 mag/deg in the V band 
for the phase-angle range of 0.59-0.84° which is very similar to 
Pluto's phase coefficient of 0.032 ± 0.001 mag/deg derived for 
the 0.4-1.8° phase range (Buratti et al. 2003). In fact, the avail- 
able photometry on Makemake, Eris, and Pluto can be fitted with 
Pluto's phase coefficient. Figure 1 shows that the polarisation 
properties of the largest TNOs having methane-ice spectra (Eris, 
Pluto, Makemake) are different from those of the TNOs with 
spectra dominated by water ice (Haumea, Quaoar). These differ- 
ences are not related to the differences in their surface albedo. 
For instance, the geometric albedos of Makemake and Haumea 
are both 0.8 (Stansberry et al. 2008), whereas the values of po- 
larisation are -0.16 % and -0.68 % respectively. 

3.2. (90482) Orcus 

Orcus has a Pluto-like orbit in the 3:2 motion resonance with 
Neptune. It is the largest known object among plutinos, with di- 
ameter estimates varying between 850 + 70km (Lim et al. 2010) 
and 940+70 km (Brown et al. 2010). Orcus has a satellite, Vanth, 



about 2.6 mag fainter in V, and with a diameter of 280 - 380km 
(Brown et al. 2010). Orcus has a water-ice-rich surface with 
an albedo of about 0.3 (Lim et al. 2010). Spectral modelling 
shows that water ice is presented mainly in its crystalline form 
(Carry et al. 2011 and references therein). Carry et al. (2011) 
have estimated an upper limit of about 2% for methane and 
5% for ethane. Brown et al. (2010) have estimated a density 
of 1.5 ± 0.3 gem 3 . The linear polarisation of Orcus has been 
measured at the single phase angle of 1.08° (see Table 1). The 
measured valuePg = -1.06 + 0.09 % is in good agreement with 
the available data of other TNOs smaller than 1000 km in diam- 
eter (Fig. 2). Since Orcus is a binary object, we have estimated 
the intrinsic polarisation of Orcus using Eq. (1) of Bagnulo et al. 
(2008). Even if we assume that the polarisation intrinsic to Vanth 
is as large as -1.5 % at a = 1°, we find that the Vanth contribu- 
tion to the observed polarisation is very small (« 0.04 %). Thus, 
the polarisation intrinsic to Orcus is quite different from that of 
Quaoar and Haumea (which have sizes larger than the size of 
Orcus), and it is instead rather similar to smaller size objects 
like two other plutinos Huya and Ixion. 



4. Discussion 

Our new observations have increased to 14 the number of 
TNOs and Centaurs for which polarimetric measurements have 
been carried out. The sample includes four dwarf planets, three 
Centaurs, three resonant, two scattered-disk, and two classical 
objects. We do not see any significant differences in polari- 
sation properties of objects from different dynamical classes. 
Instead, there are significant differences in polarisation of large 
and smaller size objects, and between large TNOs with water- 
ice (Haumea, Quaoar) and methane-ice (Pluto, Eris, Makemake) 
dominated surfaces. Muinonen et al. (2012, in preparation) will 
discuss the diagnostic power of the numerical modelling of po- 
larimetric measurements of these distant objects, which can be 
observed only within a very limited phase-angle range. Here we 
discuss a few issues which should advance our understanding of 
the polarimetric properties of TNOs. 
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4.1. Could the presence of a thin atmosphere be responsible 
for the small polarisation of Pluto, Eris, and Makemake? 

Breger and Cochran (1982) have hypothesized that the polarisa- 
tion due to the atmosphere contributes to the observed polarisa- 
tion of Pluto suppressing the polarisation from the surface. They 
have also noted that this hypothesis is consistent with a small 
discrepancy between the predicted and measured position an- 
gles of Pluto's polarisation found in 1972 (Kelsey and Fix 1973). 
However, successive polarimetric observations of Pluto in 1979- 
1981 have not revealed any systematic discrepancy in the posi- 
tion angles (Breger and Cochran 1982). Variations in the posi- 
tion angles exceeding the accuracy of measurements have been 
found neither for Makemake (see Py in Table 1), nor for Eris 
(Belskaya et al. 2008a, Bagnulo et al. 2008). Pluto's atmosphere 
consists most probably of nitrogen with some carbon monoxide 
and methane with a pressure of a few microbars at the surface, 
when Pluto is near its perihelion (Stern and Trafton, 2008). Such 
a pressure is too small to warrant atmospheric effects on the sur- 
face polarisation. Even for Mars, with atmospheric pressures of 
several millibars, the influence is rather small in the visible spec- 
tral range (except for the contributions due to the clouds and the 
aerosol component). Since we can hardly expect the out-gassing 
for the dwarf planets to be larger than for Mars, we may exclude 
the atmospheric influence on the measured polarisation of Pluto, 
Eris, and Makemake. So the differences between large TNOs 
with methane-ice and water-ice dominated surfaces are related 
to the differences in the physical properties of their topmost sur- 
face layers. 



4.2. What is the most probable cause of the negative 
polarisation of TNOs? 

The negative polarisation of a regolith-like surface can be 
formed by several physical mechanisms. Two of them, namely, 
the single scattering by particles and the coherent multiple scat- 
tering, are considered to be the most important mechanisms for 
planetary regolith (e.g., Shkuratov et al. 1994, 2002, Muinonen 
2004, Muinonen et al. 201 1). The single-particle scattering pro- 
duces broad negative polarisation branches and have a minor 
contribution at small phase angles. The mechanism of coherent 
backscattering is effective for bright surfaces. It produces a nar- 
row branch of negative polarisation usually accompanied with a 
narrow brightness opposition effect. Such narrow surges both in 
polarisation and brightness, typically centred at a ~ 0.4 - 1°, 
have been found for high-albedo planetary satellites and aster- 
oids (see Mishchenko et al. 2010 for a review). The relationship 
of polarisation degree and albedo may help to distinguish be- 
tween different mechanisms of the negative polarisation. Figure 
3 shows the albedo dependence of polarisation degree at a phase 
angle of 1° for TNOs and Centaurs. There is an inverse correla- 
tion similar to the correlation of P m i n and albedo measured for 
regolith-like surfaces and expressed as log p v = Cilog(P m i„) + 
C2, where C\ and C2 are constants. The linear fit in a log-log 
scale to the data for TNOs and Centaurs gives Ci = 1.00±0.03 and 
C2 = -0.92 + 0.02 which are close to the values adopted for as- 
teroids C, = 1.22, C 2 = -0.92 (Lupishko and Mohamed 1996). 
The similarity of these dependences assumes that the polarisa- 
tion of TNOs measured at a phase angle of 1 is probably close 
to Pmin; i.e. the minimum of polarisation of TNOs is shifted to 
small phase angles as compared to asteroids. New observations 
confirm our previous conclusion that a single measurement of 
polarisation degree of a TNO at phase angle of 1° can provide 
at least a distinction between high and low albedo surfaces (see 



Bagnulo et al. 2008). The inverse correlation of negative polari- 
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Qivlakemake 



^(Haumea 
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0.1 1 
Polarization degree at a=1°, % 

Fig. 3. Dependence of polarisation degree measured at phase an- 
gle of 1° on albedo in log-log scale. The line corresponds to the 
asteroid relation of P m ; n vs. albedo. Albedos have been taken 
from Stansberry et al. (2008), Sicardy et al. (2011), and Lim et 
al. (2010). 



sation and albedo can be explained by an increase of incoherent 
multiple scattering for bright objects which suppresses polari- 
sation due to single particle scattering. If the main mechanism 
of negative polarisation of TNOs is the coherent backscattering 
we can expect deeper polarisation for brighter objects. However, 
Eris, Makemake and Pluto show the smallest values of polarisa- 
tion. An exceptional case is Haumea, for which the measured po- 
larisation degree deviates from the general trend (see Fig. 3). We 
could assume higher contribution of the coherent backscattering 
for Haumea, but its magnitude phase curve is shallow down to 
0.5° and does not show an opposition surge (see Rabinowitz et 
al. 2006). New polarimetric observations of Haumea are needed 
to understand possible reasons of its deeper negative polarisation 
as compared to other bright TNOs. 



4.3. Why we do not measure the opposition surges for the 
brightest TNOs predicted by the mechanism of coherent 
backscattering? 

Polarimetric measurements of Eris made in the phase an- 
gle range of 0.15-0.5° has not revealed any opposition surge 
(Belskaya et al. 2008a). The albedo of Eris is found to be 
very high: p v -0.96 (Sicardy et al. 2011). Our observations of 
Makemake have not shown any opposition surge at a- 0.6-1.1° 
for this high-albedo object (py=0.7-0.8). Most probably, the op- 
position surges are extremely narrow and not covered by the 
available observations. Unfortunately, it is impossible to verify 
this suggestion in the nearest future due to the inaccessibility of 
very small phase angles for these objects. We note that recently, 
a very narrow opposition surge at a<0.1° was found for the nep- 
tunian satellite Triton (Buratti et al. 2011). Triton is one more 
object with a methane-rich surface (e.g., Tegler et al. 2012) and 
is considered to be a captured Kuiper-belt object. This also sup- 
ports our suggestion of the existence of narrow backscattering 
peaks for Makemake, Eris, and Pluto. 
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Phase angle, deg. Phase angle, deg. 

Fig. 4. Polarisation phase curves for a superfine powder of SiC>2 before and after compressing with alcohol drying at A — 0.63 fim 
(left panel) and for size-separated AI2O3 powders at A = 0.63 fim (right panel). These figures are taken from Shkuratov et al. (2002). 



4.4. Which surface properties can be responsible for very 
narrow backscattering surges? 

Laboratory measurements at very small phase angles (Psarev 
et al. 2007) have shown that narrow opposition spikes are in- 
herent for bright and fluffy surfaces consisting of very small 
particles. The narrow spikes are usually accompanied with nar- 
row branches of negative polarisation. This is confirmed by lab- 
oratory polarimetric measurements of the fluffy SiC>2 sample 
(Shkuratov et al., 1994, 2002; see also the numerical results 
by Muinonen and Videen, 2012). The width of the polarimetric 
spike depends on the porosity of particulate surface. An example 
of such measurements is shown in Fig. 4 for the same S1O2 sam- 
ple before and after compressing that significantly change the 
surface porosity. Another possible explanation of the absence 
of the conspicuous polarimetric spikes is that surface particles 
are large enough compared to the wavelengths of visible light 
(Belskaya et al. 2008a). Figure 4 illustrates this with labora- 
tory polarimetric measurements of AI2O3 powders with differ- 
ent average sizes of particles and almost the same high albedo 
(Shkuratov et al. 2002). One can see that powders consisting of 
large particles show a shallow branch of negative polarisation. 

What is the most realistic model for the surfaces of 
Makemake, Eris, and Pluto? Are the surfaces formed by large 
(~ 10/im) particles, or by tiny (< 0.1 /im) particles that create a 
very porous (fairy castle) structure? The latter seems to be more 
realistic, as the surfaces of Makemake, Eris, and Pluto are com- 
posed of frozen gases (nitrogen, carbon monoxide and methane) 
that may form porous hoarfrost from their diluted atmospheres. 
One may expect that the atmospheres can freeze up seasonally 
as the bodies move further away from the Sun. The N2 and CH4 
frosts evaporate preferentially on the darker (warmer) regions 
and refreeze on the brighter (colder) regions, producing atmo- 
spheric transport of volatiles. This can also be related to possible 
sub-surface activity. 



5. Conclusions 

Polarimetric observations of Makemake and Orcus confirm the 
different types of polarisation phase behaviour of the large and 
smaller size TNOs. Polarisation of Orcus is similar to that for 
smaller size objects. Polarimetric properties of Makemake are 



very close to those of Eris and Pluto, and different from those of 
Haumea and Quaoar. To explain the small polarisation of Pluto, 
Makemake, and Eris we assume that their surfaces are covered 
by a thin fluffy layer of hoarfrost masking the "ordinary" sur- 
face structure that might produce prominent negative polarisa- 
tion branches. 
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